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ABSTRACT

Eukaryotic cells arrest at the G , checkpoint in the
presence of DNA damage or incompletely replicated
DNA. This cell cycle checkpoint prevents the
development and propagation of genomic instability.

In the fission yeast, this process requires the action of
anumber of genes, including  rad1 *. We report here the
identification of human and mouse cDNAs that exhibit
extensive sequence homology to  radl* The human
gene, called HRAD1, encodes a 282 amino acid protein
that is 27% identical and 53% similar to yeast Rad1lp.
The human homologue maintains its sequence
similarity over the full length of the protein, including

the three proposed 3 ' 5' exonuclease domains, and
the leucine rich repeat region. The mouse gene, called
MRAD1, encodes a 280 amino acid protein that is 90%
identical and 96% similar to HRAD1 at the amino acid
level. Expression of HRADI1 in yeast radl mutants
partially restores radiation resistance and G =, check-
point proficiency to these mutants. Evolutionary
conservation of structure between HRAD1, MRAD1,
radl*, Saccharomyces cerevisiae RAD17 and the
Ustilago maydis REC1 checkpoint genes suggests
that the function of the encoded proteins is conserved

as well. The ability of HRADI to partially complement
yeast radl mutants suggests that this gene is required

for G , checkpoint control in human cells.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos AF011905 and AF038841

genomic instability, as seenRAD9Imutants oSaccharomyces
cerevisiaeat the G/M checkpoint (2), and ip53-~mammalian

cell lines at the @S checkpoint(3,4). The accumuten of
mutations in cells exhibiting genomic instability has been
suggested to be the driving force behind tumour formation and
metastasis (5,6). This iggported by studies on individuals with
inherited chromosome instability diseases which include ataxia
telangiectasia , Li-Fraumeni syndrome and Bloom’s syndrome
(7-10). In all three cases, genomic ibgity and cancer
predisposition are seen, with the former operating at the cellular
level and the latter at the level of the individual. The genes
mutated in these diseases AfieM, p53 andBLM, respectively.
The ATM protein is a member of the PI-3 kinase family (11,12)
and p53 is a transcription factd@3-15), and both are known to
have checkpoint function§16—23). TheBLM protein has
structural homology with known helicases and is also thought to
function in checkpoint contr@k4,25).

A recent report has shown a strong correlation between loss of the
G, checkpoint and the appearance of chromosomal abnormalities
(26), suggesting that the £Scheckpoint is a major protective
factor against the development of genomic instability and cancer.
Despite its apparent importance, only two presumptive components
of the mammalian &checkpoint have been identified to date
(27-29). By contrast, thex@heckpoint has been well characterised
in the fission yeasBchizosaccharomyces pombBéssion yeast
undergo a dose dependenp @Gelay following exposure to
radiation and the resultant DNA damage that od@0:81). The
yeast remain arrested ap @hile the damage is repaired, then
enter mitosis and resume progression through the cell cycle. This
dose dependent response to radiation is absent from mutants of

Cell cycle checkpoints are regulatory mechanisms that enswasy one of the six checkpoirad genegadl*, rad3*, rad9*,
prerequisite events are completed before subsequent cell cy@d17*, rad26" andhusI' (30-33). Mutants of any one of these
transitions occur. For example, mitotic entry is dependent on tigenes have similar phenotypes; they are hypersensitive to
prior completion of DNA replication. Checkpoints also exist taradiation and to transiently inhibited DNA replication, such as
prevent the propagation of damaged chromosomes that can resalturs in the presence of hydroxyurea (HU). The sensitivity of
from radiation or radiomimetic drugs. These DNA damagé¢hese mutants to radiation and HU results from loss of the G

checkpoints operate predominantly at th¢/SGand G/M
transition points (1).

DNA damage checkpoint and the S phase checkpoint monitoring
completion of DNA synthesis, respectivéB0—33).

Even in the absence of exogenous DNA damage or blockedThe fission yeastad1* gene has previously been shown to be
DNA replication, checkpoint mutants are known to exhibitconserved among lower eukaryot8saccharomyces cerevisiae
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RAD17(34) andUstilago maydis REC135,36) are furtional  Radiation sensitivity and radiation-induced cell cycle delay
homologues ofad1*. RAD17andREC1were shown indepen-
dently to be required for checkpoint function, and both exhibit
moderate sequence conservation wid1l™ (25-30% at the
amino acid level). We report here the cloning of human an
mouse homologues of tt&pombe radi gene, calledHRAD1
andMRADY, respectively. Expression BIRAD1in yeastradl
mutants results in partial restoration of the €heckpoint
response to radiation. ExpressiorHRRAD1in these yeast does
not restore resistance to HU. We propose thR®D1 and
MRAD1 are components of theo@&heckpoint mechanism in
humans and mice, respectively.

-irradiation was delivered using a Clinac 2100 C/D with a 6 MV
eam, at a dose rate of 0.24 Gy/s. UV radiation treatments were
Berformed at 254 nm, with a dose rate of 1.&/@nfor viability
assaysS.pombewas cultured to mid-logarithmic phase ¥

106 cells/ml) at 25C, plated on minimal selective media at a
density of 1000 cells per plate, and irradiated with the indicated
dose of radiation. The plates were incubated &C3Qntil
colonies were easily visible. Relative viability was expressed as
the number of treated versus untreated cells that were able to form
colonies.

To assess radiation-induced checkpoint control, plasmids were
transformed into &dc25-22 radl-Istrain background. These
MATERIALS AND METHODS cells were cultured to mid-logarithmic phase at@5plated on
DDBJ/EMBL/GenBank accession numbers pre-warmed mir!imal selectiv_e plates, and incubated"zﬁﬁﬁr

3 h to synchronize the cells inAmmediately prior to release
The accession numbers for thERAD1 and MRAD1 cDNA  from 36°C, the plated cells were irradiated with the indicated

sequences are AF011905 and AF038841, respectively. dose of UV radiation, transferred to liquid minimal selective
media, and incubated at Z5. Samples were removed at the
cDNA libraries, screening and sequencing indicated times and fixed in 3.7% formaldehyde. Fixed cells were

washed once with phosphate buffered saline (PBS), once with PBS
The HaCaT cDNA library in ZAP |l was a gift of D.Beach, and containing 1% Triton X-100, and resuspended in PBS. The cells
the CB7 mouse erythroleukemia cDNA library was a gift fromwere then stained with 0 2g/ml 46-diamidino-2-phenylindole
P.A.Greer. A probe for screening the HaCaT cDNA library wagDAPI) and viewed under a fluorescence microscope. Binucleate
generated by amplification of a 399 bp portion of the ESTells were scored as having passed mitosis.
sequence (DDBJ/EMBL/GenBank accession no. AA029300)
using primers A (GGTACATGACCTTGCTCCTAT) and B Sensitivity to HU
(AGTTCCCACCTTGACTATCC), and HaCaT cDNA as template.
The full-lengthHRAD1cDNA was used as a probe to screen th ) .
mouse cDNA library. Library screens were performed usin§P@se at 3%, and then HU was added to a final concentration
standard technique@7). Sequencing of both strands of the f 12 mM. At the indicated times after the addltlo_n of HU allqu_ots
HRAD1 and MRAD1 cDNAs was performed on an ABI 377 of cells were removed, and plated on PM media at a der_13|ty of
automated sequencer after subcloning into pBluescript KS1000 cells per plate. The plates were incubated &€ 3itil
Amino acid sequence alignments were generated using thglOnies had reached a suitable size for counting, and relative
CLUSTAL W program (38). In the amino aciiament, similar viability was assessed as described above for radiation sensitivity.

amino acids are defined as I/L/V/M, D/E, SIT, A/G, N/Q, R/H/K
and WIF/Y. RESULTS

Isolation of the HRAD1 and MRAD1 genes

A search of the dBEST data base revealed an EST of interest
The radl* cDNA was excised from pGR4-ratdi(gift of  obtained from a normalized and directionally cloned human
S.E.Sorensen) witBanmH| andXba, the 3 recessed ends were cDNA library (43). The com@mentary strand of the EST
filled in with Klenow polymerase, and the cDNA was blunt encappears to encode a predicted protein similar toStpembe
ligated into theSma site of the S.pombeexpression vector radl* gene product. This ORF predicted a protein that is 30%
PART1 (39), to generate pART1-rad1The HRAD1 open identical and 57% similar over an 80 amino acid stretch, which
reading frame (ORF) was amplified with primers HRAD1-5represents approximately one quarter of the Radlp protein. It is
(GGACGGTCGACATGCCCCTTCTGACCCAA) and HRAD1-3 aligned closer to the C-terminal portion of the protein which is a
(ACGGATCCTCAAGACTCAGATTCAGG), and blunt end moderately conserved region in thgpombe radi, S.cerevisiae
ligated into th&Sma site of pART1, to generate pART1-HRAD1. RAD17 and U.maydis REClgene products. The extent of
Orientation of the inserts within pART1 was determined byhomology in the region that the EST is aligned v@tbombe
restriction enzyme digestion. radl* is comparable to that cdd1* andRAD17(44). This same
region contains nine identical residues between Radlp, RAD17p
and REC1p, of which seven are also present in the human EST.
Based on the alignment and extent of sequence identity, this was
Schizosaccharomyces pomlveas cultured using standard evidence for the existence of a possible human homologue of
techniqueg40). The strains used in thisidy were Sp33h™  S.pombe radi
radl::ura4® leul-32 ura4-D18 and Sp199,h*N cdc25-22 Because a positive orientation clone had not been identified in
rad1-1 leul-32Sp337 was generated by crossing @ with  the original library, we chose to search other cDNA libraries for
Sp267(41), and $199 was generated by crossing SE32with  thebona fidehumarrad1* homologue. A HaCaT (spontaneously
SP120341).Schizosaccharomyces ponttasformations were  transformed human keratinocyte) cDNA libran\iZAP 1l was
performed using the method of Okazekal (42). amplified by PCR using oligonucleotide primers directed against

ochizosaccharomyces pomwes cultured to mid-logarithmic

Plasmid constructions

Schizosaccharomyces pombelture and manipulations
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the putativeHRAD1gene. The 399 bp PCR product generated  a.
using oligonucleotides A and B was subcloned into pBS. KS CAATTEGGOR COAGCCOAGS TOAGOOCCS CTCTCANGAG TOOEGCOACT CacTTACTT 60
Sequencing of the subclone revealed an insert of identical ccrecocser Tecrecsace coeeTCGeTe CTCTTCAGGS ACTTTOCTGA GAAGIGCTCT 120

CGGGCGTCCA GACCCCACCG CAAAGGTGTT TGGCGATCCG CCGAGAAGTT GTTGGCCCCA 180

sequence to that of the original EST, confirming that the sequence  ssascarcce Tessssceen ateceasts GacoaTacce CrTCTGACCC AACAGATCCA 240
. . . AGACGAGGAT GATCAGTACA GCCTTGTGGC CAGCCTTGAC AACGTTAGGA ATCTCTCCAC 300
of interest was present in the HaCaT cDNA |Ibrary. TATCTTGAAA GCTATTCATT TCCGAGAACA TGCCACGTGT TTCGCAACTA ARAATGGTAT 360

CAAAGTAACA GTGGAAAATG CAAAGTGTGT GCAAGCAAAT GCTTTTATTC AGGCTGGAAT 420

The screen of the HaCaT cDNA library yielded four pOSItiVe  xrrrcaccas TITARAGTTC AGGAAGAGTC TGTTACTTTT CGAATTAATT TAACTGTCCT 430
clonesIn vivoexcision converted thes&DNA vectors into pBS T AT T e e ns GrooncTocn o0
plasmids containing the cDNA insert. Sequencing indicated that — SACASICTSC AMMATCAMTA CACAGGARCC TGAGGAGACC CTOGACTTTG ATTICTGCAG 660

CACCAATGTT ATTAATAAAA TTATTCTGCA GTCAGAGGGG CTCCGTGAAG CATTTTCTGA 720

all four contained the same cDNA. One of these, Clone  ATTSGATATG ACGAGTGAAG TCCTACAART TACCATGTCT CCTGACAAGC CTTATTTCAG 780

GTTATCTACT TTTGGAAATG CAGGAAGTTC CCACCTTGAC TATCCCAAAG ATTCTGATTT 840

HRAD1-7, was slightly longer than the others and was chosen for — cateeaasea Trrearrera aTcaGACCCA AGTCAACAGA TACAAGATTT CCTTACTGAA 900

ACCCTCTACA AAGGCATTAG TCCTATCTTG TAAGGTATCT ATTCGGACAG ATAACAGAGG 960

further anaIySiS. CTTCCTTTCA TTACAGTATA TGATTAGAAA TGAAGATGGA CAAATATGTT TTGTGGAATA 1020

The fulllength HRAD1-7 clone was used to probe @ MOUSE CB7  tarrrator Tacatriato ATAGAIGARG TICTIATICT GAGTACAGTA CTCITRGTCA 1140
erythroleu_k_emia cDNA Iibrg_ry by low string_ency hybridization. T T T T s e
Five positives were identified, four of which were the same  TTCCTOTAGT CATAGATTAA AARAAARARR ARAACTCGAG 1300

length, and one was slightly shorter than the others. Clone s.
MRAD1-2.1 was chosen for further analysis.

GAATTCGCGG CCGCGCTTTT TGGACGCTCA GGGTGTTCTT GGGGCTGGGG TGGCAGGGGC 60
TTTGAGGGGT CGGACGTCAC CCACAGCCTG GCGCCAGGGG CTCCCTTAGT GGCCGCTGTG 120
CGGCGAGCGG GCCGAAGTCG CGTTCTCCTG CAAGCCAGGT TTTCACACAT CTTCCGGAAG 180
Sequence ana'yses Of th.eRADl and MRAD1 genes AGGAGCATCC TTCTTCTCGG AGCCGACGGT ACCGTGGACC ATCCATGCCT CTCCTAACCC 240
AGTACAATGA AGAGGAGTAC GAACAGTACT GCTTAGTGGC CAGCCTTGAC AACGTTAGGA 300

. ATCTCTCCAC TGTCTTGAAA GCCATTCATT TCAGAGAACA CGCCACGTGT TTTGCTACCA 360

Full DNA sequences of both strands of the insert of clone HRADL-7  aaaaCGeaAT CAAGGTTACA GTGGAGAATG CAARGTGTGT GCAAGCARAT GCCTTTATTC 420
. AGGCTGACGT GTTTCAGGAA TTTGTCATTC AGGAAGAATC TGTTACTTTT CGAATTAACT 480

showed that the cDNA was 1300 bp |0ng with a 214 bp 5 TAACTATCCT TTTAGACTGT TTATCTATTT TTGGATCAAG TCCTACACCA GGGACTTTGA 540

CTGCGCTTCG GATGTGTTAC CAAGGTTATG GTCACCCACT GATGCTATTT CTAGAAGAAG 600

untranslated region (UTR), an 846 bp coding region and & 240 DP  caccactest GACGOTCTGE ARAATTACCA CTCAGGAGCC TGAGGAGACA CTGGATTTTG 660

3 UTR (Fig. 1A). The 3UTR contains a consensus AATAAA TTentn CTnTe AT ToeTA orcmomame e 2
polyadenylation signal sequence. The ORARAD1encodes a ATTCCOACTT GOTGUANGCC TRICACTOTA NTARGACGCA GOTORACRGA TACRAGCTOE 500
282 amino acid p0|ypept|de with 27% |dent|ty and 53% Slmllarlty CGCTACTGAA GCCCTCTACA AAGGCACTAG CTTTATCCTG TARAGTGTCT ATCCGGACAG 960
. A . . ATAACCGAGG CTTCCTCTCC TTACAGTACA TGATTAGAAA TGAAGATGGG CAGATATGTT 1020

to Rad ]_p This is 41 amino acids shorter tharstpembe radil TTGTGGAATA TTACTGCTGC CCTGATGAAG AAGTTCCTGA GTCTTGAATA ATTCACTGAC 1080
TATTTCTGTC TTTTTTTTTT TTCTTTCACG AGACAGGGTT TCTCTGTAGC CCTGGCTGTC 1140

gene product- CTGGAACTCA CTTTGTAGAC CAGGCTGGCC TCGAACTCAG AAATTCACCT GCCTCTGCCT 1200
Complete sequencing of both strands of clone MRADL-2.1  grictie retrime rorcmamccs manrentrme aretoacars Giamaeneae 150
identified a cDNA that was 1380 bp long with a 218 bpBR, Coecooanar o GGG CARGGTCAGT CCNTTCTST AANTCTGTAR ATAGTITISC ios

an 840 bp coding region and a 322 bpJ3BR (Fig. 1B). The 3

UTR contains a common variant of the consensus polyadenylation

signal sequence (ATTAAA). However, no poly A tail is observedrigyre 1. Nucleotide sequencesidRAD1andMRADL Nucleotide sequences

in this cDNA isolate. The ORF ®MRAD1encodes a 280 amino  of the HRAD1 (A) andMRADL1 (B) cDNAs. The initiating and terminating
acid polypeptide that is 90% identical and 96% similar tocodons are shown in bold. Consensus polyadenylation signals are underlined.
HRAD1p. An amino acid alignment (Fig. 2) shows that theNumbers to the right indicate the number of the last nucleotide on each line.
sequence similarity of HRAD1p and MRAD1p to the other

members of the Rad1p family extends over their entire lengthgeficient vector transformed controls enter a synchronous mitosis
suggesting that the isolated human and mouse cDNAS &fgihin 100 min of being irradiated, regardless of the dose
full-length. received. Checkpoint proficient yeast expressing Rad1p undergo the
) ) characteristic dose dependent delay in entry into mitosis (Fig. 4B).
HRADL1 partially rescues the G DNA damage checkpoint Yeast expressing HRAD1p also undergo a dose dependent delay
defects ofradl yeast mutants in entry into mitosis (Fig. 4C). The dose dependence is not equal
The HRAD1 ORF was subcloned into tf&pombeexpression to that of cells e_xpressing Rad1p, however, this is what one would
vector pART1 under control of the strong, constitutatht  €XPect for partial rescue.
promoter. Expression ¢iRAD1in aradl::ura4* strain back- . . ) )
ground increased the survival of these mutants following U\EXpression ofHRAD1 restores minimal resistance to HU in
irradiation, to levels above that of the vector transformed contréfd1::urad* yeast

(Fig. 3A). However, this increase in viability did not reach thezypression oHRAD1in Sp337 confers weak, but statistically
level of rescue that was obtained by expression of the wild tyRggnificant resistance to the transient DNA synthesis inhibitor
rad1” gene (Fig. 3A). Expression BRAD1also restored partial (. However, this rescue is not nearly as high as that observed
resistance to ionizing radiation (Fig. 3B). in other instances, such &RAD9 rescue ofrad9 S.pombe

In order to more rigorously examine HRAD1 rescues the mtants (27). As shown irigeire 5HRAD1expressing cells lose
checkpoint defects od1 mutantsHRAD1was expressed in a ;apility with kinetics similar to that of the vector transformed

radl-1 strain containing the temperature sensitoe®25-22  onirol. Cells expressing wild typad1* remain viable for at
allele. At the restrictive temperature of €5 these yeast arrest at |oast 6 h in HU (Fig. 5).

the G/M transition point, due to their inability to activate the

Cdc2 kinase. If cells blocked at the/M transition are irradiated DISCUSSION

just prior to being released to the permissive temperaturé 6f 25

checkpoint proficient cells will undergo a dose dependent deldie have identified novel human and mouse genes that are
in entry into mitosis. Checkpoint deficient cells will enter mitosisstructural homologues of the fission yeastil* checkpoint
without a noticeable delay. As shown in Figure 4A, thelgb@iat  control gene. The sequence similarity extends over the entire
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Figure 2. Amino acid sequence alignment of HRAD1p and MRAD1p with members of the Rad1p family. Amino acid alignment of HRAD1p, Migddilipe
Rad1p (Sp_radlpg.cerevisiadRAD17p (Sc_RAD17p) and.maydisREC1p (Um_REC1p). Numbers to the right indicate the numbering of the final amino acid
on each line. Identical residuesB0% of the sequences are highlighted in dark grey. Conserved residues (defined in Materials and M=2bétisf the sequences

are highlighted in light grey. Potentially important functional regions include the putati &xonuclease domains (Exo |, Il and Ill), and the leucine rich region
(Leu rich), which have been previously defined for other members of the family (35,36).

coding regions, indicating that the isolated cDNAs are full lengthwo cell cycle delaying influences, the overexpression of Radlp
Particularly high levels of conservation were seen in two of thregnd thecdc25-22mutation, which is not completely wild type
putative exonuclease domains, as well as in the leucine riglven at the permissive temperature. Neither overexpression of
region that have been previously defin@®). The extent of Radlp nor thedc25-22allele alone is sufficient to cause the
amino acid conservation between HRAD1p and Radlp, 27%bserved delay. Yeasadl mutants overexpressing HRAD1p
identity and 53% similarity, is comparable to that observedlso undergo a dose dependent delay in entry into mitosis. The
between Radlp and RAD17p (23% identity, 50% similarity)observed delay is not equivalent to that of the Radlp expressing
Radlp and RAD17p have been shown by independent meanséidls, but this is what one would expect for partial rescue. The
be involved in checkpoint control in fission and budding yeastnaximal percentage of cells passing mitosis in both Rad1p and
respectively(44). In different rgions, HRAD1p and MRAD1p HRAD1p expressing yeast is lower than yeast carrying empty
appear more like each of Rad1p, RAD17p and REC1p. Togethezctor. This is due to the quality of the synchrony of cells passing
with the functional complementationraidl mutants bHRAD1 ~ mitosis. As the delay increases, the synchrony of the cells begins
and the extent and pattern of structural similarity within thigo diminish. Therefore, the highest percentage of cells passing
family, HRAD1andMRAD1are highly likely to be involved in mitosis is observed in the checkpoint deficient cells, where
mammalian G checkpoint regulation. release from the block is quick. Checkpoint proficient cells will

While it has been clearly demonstrated that REC1p'is &3 gradually lose synchrony over time and the maximal percentage
exonuclease, it has also been demonstrated that this function isoitells passing mitosis is lower.
required for checkpoint control by this proté®d). The sequence  This partial complementation suggests thRERAD1 is the
similarity between HRAD1p, MRAD1p and other members ohuman homologue of fission yeaatil*. Cross species comple-
the family over the exo Il and exo Il domains is high, but less smentation by checkpoint genes has been demonstrated in other
in the exo | domain. The role of the putative;3' exonuclease cases, but full complementation of all the defects of any particular
in HRAD1p function is questionable at this point. mutant has not been observd®RAD9 the human homologue of

We were able to show thaiRAD1 can partially rescue S.pombe rad§ restores resistance to HUrad9 null mutants,
radiation sensitivity iradl mutant yeast. This rescue is due tobut fails to rescue UV sensitivif27). FRP1/ATRis the human
partial restoration of the &&heckpoint defect of these mutants,homologue ofS.cerevisiae MEC1/ESRAnd S.pombe radB
which is shown by the radiation-dose dependent delay expe(28,29,45). Wile FRP1/ATRwill rescue some of the checkpoint
ment (Fig. 4). Checkpoint deficient vector transformed yeastefects ofMEC1/ESRImutants, it will not restore checkpoint
begin to transit mitosis within 40 min of being released to theroficiency tarad3mutants (29). Further analysisRAD 1will
permissive temperature, regardless of the dose received. Tie necessary to clearly define its role in human cell cycle
checkpoint proficient yeast overexpressing Rad1p undergo a dadeckpoint control.
dependent delay in entry into mitosis. The unirradiated cells doln mammalian cells, the &heckpoint is regulated in part by
not begin to transit mitosis until 60 min after release to théhe p53 and ATM genes, and defects in these genes have been
permissive temperature, which is 20 min later than the vectassociated with a variety of human cancéss4,8-11,16,
transformed cells. This difference is due to the additive effect df8,19,21,46,47). By antrast, very little is known about the
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Figure 3. HRAD1 expression restores resistance to DNA damage in
radl::ura4* mutants ofS.pombeSp337 was grown to mid-logarithmic phase

in PM media, plated on PM plates, and irradiated with the indicated doses o

f . . o
radiation. Colonies were counted after 6 days and relative viability is expresseds '%:g%;'aH?(ggi_ixrg[ﬁ;ﬁg%éesgor;%zgofsgdxg:n?gxar;d:ﬁit('jcflr:)' Ir;?iltjr?n‘iidc cell
as the number of irradiated cells relative to unirradiated cells that were able to=) Yy P P g g

B . : hase at 25C, synchronized at the,3/ transition by a 3 h incubation at 38,
form colonies. A) The UV dose versus survival curve for Sp337 carrying phas - A - .
PARTL (@), pART1-rad? (M) or pART1-HRADL @). (B) The ionizing irradiated with the indicated doses of radiation (time zero), and released back

radiation dose versus survival curve. The symbols are the same as in (A). Bot o 25C. .At the_|nd|cated time points after imadiation, cells were removed,
panels are the average of two independent experiments, each performed i xed, stained with DAPI and viewed under the fluorescence microscope. The

. g % cells passing mitosis for each sample is the number of binucleate cells
duplicate. Error bars indicate standard error of the mean. expressed as a percentage of the total number observed. Greater than 100 cells
were scored for each timepoinB+C) Sp199 carrying either pART1 (A),
pART1-radt (B) or pART1-HRAD1 (C). In each panel the doses were 8 J/m
(@), 10 J/n? (m) and 30 J/rh(A). This figure is a representative example of

L . . three independent experiments.
molecular control of the £&checkpoint in mammalian cells. Like P P

yeast, mammalian cells will respond to DNA damage or
incompletely replicated DNA by arresting the cell cycle i G
prior to entry into mitosis. The presence of such ali&ckpoint
has been shown to correlate with viability after exposure to

radiation(48-52). 2 100 =
There are now three candidates for humanc@eckpoint 5
control genesHHRAD1, HRAD9andFRPIZATR homologues of b
theradl*, rad9™ andrad3* genes o5.pombeTo date, none of § 10
these has been shown to function in humanc@eckpoint 3
o

control, thoughHRADJ1, HRAD9 and FRPI/ATR have been
shown to rescue some of the defects in checkpoint deficient 102
fission or budding yeast. Interestingly, BRCAlp co-localizes c') ; é é 4[1. é é 7
with the repair protein RAD51p, and both are found in regions of

meiotic chromosomes similar to where FRP1p/ATRp is located Hours in Hydroxyurea
(53,54). This spatial assotian with RAD51p and

FRP1p/ATRp, and evidence that developmental arreBtcial

null mice is partially rescued bypd3 mutation indicates a role

for BRCA1p in DNA damage repdi5). Genetic eidence from Figure 5. HRAD1 expression does not restore resistance to transient DNA

indi + + + synthesis inhibition imad1::ura4* mutants o5.pombeSp337 was cultured to
yeast indicates thaad1", rad3" andradg* are part of the same mid-logarithmic phase at 32, HU was added to 12 mM (time zero), and

Gz CheCkpomt control pathway, and may form a phy5|calaliquots of cells were removed at the indicated times and plated on PM media.
complex. This suggests that HRAD1p, as the homologue Okelative viability is expressed as the number of drug-treated versus untreated
Radlp, may be part of a multisubunit complex that includes otheells that were able to form colonies. The symbols represent Sp337 carrying

checkpoint proteins including HRAD9p, FRP1p/ATRp, RAD51p €ither pART1 @), pART1-rad? (M) or pART1-HRAD1 Q). The experiment
and BRC Alp. was performed in duplicate and the error bars represent standard error of the mean.
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It has been shown that caffeine treatment partially restoré§ Kastan,M.B., Onyekwere,O., Sidransky,D., Vogelstein,B. and Craig,R.W.

sensitivity to radiation in cell lines which have logtdBeckpoint

control through the loss of p%36,57). Presumably,

the loss of °

(1991)Cancer Res51, 6304-6311.
Kuerbitz,S.J., Plunkett,B.S., Walsh,W.V. and Kastan,M.B. (1992)
Proc. Natl Acad. Sci. USA9, 7491-7495.

the ability to undergo apoptosis in response to radiation in P53 Neisonw.G. and Kastan,M.B. (199pl. Cell. Biol, 14, 1815-1823.
mutant cells leads to radiation resistance. Caffeine is presumecio o'connor,P.M., Jackman,J., Jondle,D., Bhatia,K., Magrath,I. and

eliminate the G checkpoint in these cells, leading to radiation-
induced death by premature mitosis, typical of checkpoiri#2
defective cells. Directly targetindRAD1or HRAD1p could be

an efficient way of targeting humarp, @heckpoint control. If

elimination of G checkpoint function would restore sensitivity 54
to radiation or chemotherapeutic drugs to cells which have {ost G
checkpoint function (i.e. p58 cells), there will be therapeutic 25
benefits to inhibitingHRAD1 or other G checkpoint control
genes and protein functions, in conjunction with radio- or
chemotherapies. 26

ACKNOWLEDGEMENTS

27

28

We thank S.E.Sorensen for providing us with pGR4¥ad1 2°

P.A.Greer for providing us with the mouse cDNA Iibrary,3
D.Beach for providing us with the HaCaT cDNA library, 5,

Kohn,K.W. (1993)Cancer Res53, 4776-4780.
Painter,R.B. and Young,B.R. (1982pc. Natl Acad. Sci. USA?7,
7315-7317.

3 Taylor,A.M.R., Harnden,D.G., Arlett,C.F., Harcourt,S.A., Lehmann,A.R.,

Stevens,S. and Bridges,B.A. (19783turg 258 427-429.

Ellis,N.A., Groden,J., Ye,T.Z., Straughen,J., Lennon,D.J., Ciocci,S.,
Proytcheva,M. and German,J. (19€s)ll, 83, 655—-666.

Davey,S., Han,C.S., Ramer,S.A., Klassen,J.C., Jacobson,A., Eisenberger,A.,
Hopkins,K.M., Lieberman,H.B. and Freyer,G.A. (1988)l. Cell. Biol,
19, 2721-2728.

Kaufmann,W.K., Schwartz,J.L., Hurt,J.C., Byrd,L.L., Galloway,D.A.,
Levedakou,E. and Paules,R.S. (199@)l Growth Differ, 8, 1105-1114.
Lieberman,H.B., Hopkins,K.M., Nass,M., Demetrick,D. and Davey,S.
(1996)Proc. Natl Acad. Sci. USAR3 13890-13895.

Cimprich,K.A., Shin,R.B., Keith,C.T. and Schreiber,S.L. (1926f. Natl
Acad. Sci. USp93, 2850-2855.

Bentley,N.J., Holtzman,D.A., Flaggs,G., Keegan,K.S., DeMaggio,A.,
Ford,J.C., Hoekstra,M. and Carr,A.M. (1988)1BO J, 15, 6641-6651.

0 al-Khodairy,F. and Carr,A.M. (199EMBO J, 11, 1343-1350.

Rowley,R., Subramani,S. and Young,P.G. (1€92BO J, 11, 1335-1342.

J.Schreiner and J.Robins at the Kingston Regional Cancer Cerggr al-khodairy,F., Fotou,E., Sheldrick,K.S., Griffiths,D.J., Lehmann,A.R. and
for assistance using the Clinac 2100 C/D, J.Greer for excellent Carr,A.M. (1994)Mol. Cell. Biol, 5, 147-160.

technical assistance, and V.Bubbar for help with strain construg3 Enoch,T., Carr,A.M. and Nurse,P. (19&Z)nes Dey6, 2035-2046.

tions. C.M.U. is a recipient of the Queen’s University Departmerﬁ“ Siede,W., Nusspaumer,G., Portillo,V., Rodriguez,R. and Friedberg,E.C.
of Pathology Special Studentship and S.K.L. is a participantin the
Queen’s University Summer Work Experience Program. This
work was supported in part by Medical Research Council afs Thelen,M.P., Onel K. and Holloman,W.K. (1994pBiol. Chem 269
Canada Grant MT-14352 and by startup and special research 747-754.

funds from Cancer Care Ontario to S.D. S.D. is a career scientit Sambrook,J., Fritsch,E.F. and Maniatis,T. (1988fecular Cloning:
of Cancer Care Ontario.

38

REFERENCES 39

40

1 Elledge,S.J. (199&cience274 1664-1672. 41

2 Weinert, T.A. and Hartwell,L.H. (1990)ol. Cell. Biol, 10, 6554-6564. 42
3 Livingstone,L.R., White,A., Sprouse,J., Livanos,E., Jacks,T. and Tlsty,T.D.

(1992)Cell, 70, 923-935. 43
4 Yin,Y., Tainsky,M.A., Bischoff,F.Z., Strong,L.C. and Wahl,G.M. (1992)

Cell, 70, 937-948. 44
5 Nowell,P.C. (1976Bciencg194 23-28. 45
6 Tisty,T.D., Briot,A., Gualberto,A., Hall,l., Hess,S., Hixon,M., 46

10

11

12

13

14

15

16

17

Kuppuswamy,D., Romanov,S., Sage,M. and White,A. (1995)

Mutat. Res 337, 1-7.

German,J. (1999)ermatol. Clin, 13 7-18.

Malkin,D., Li,F.P., Strong,L.C., Fraumeni,J.F.,Jr, Nelson,C.E., Kim,D.H.,
Kassel,J., Gryka,M.A., Bischoff,F.Z., Tainsky,M.A. and Friend,S.H. (1990)
Science25Q 1233-1238. 49
Srivastava,S., Zou,Z.Q., Pirollo,K., Blattner,W. and Chang,E.H. (1990)
Nature 348 747-749.

Swift,M., Morrell,D., Massey,R.B. and Chase,C.L. (1991Engl. J. Med

325 1831-1836.

Savitsky,K., Bar-Shira,A., Gilad,S., Rotman,G., Ziv,Y., Vanagaite,L.,
Tagle,D.A., Smith,S., Uziel,T., Sfez&. al. (1995)Sciencg268 1749-1753.
Savitsky,K., Sfes,S., Tagle,D.A., Ziv,Y., Sartiel,A., Collins,F.S., Shiloh,Y.
and Rotman,G. (199%)um. Mol. Genet 4, 2025-2032.

Funk,W.D., Pak,D.T., Karas,R.H., Wright, W.E. and Shay,J.W. (1992)
Mol. Cell. Biol, 12, 2866—2871. 54
O'Rourke,R.W., Miller,C.W., Kato,G.J., Simon,K.J., Chen,D.L., Dang,C.V.
and Koeffler,H.P. (1990Pncogeng5, 1829-1832. 55
Raycroft,L., Schmidt,J.R., Yoas,K., Hao,M.M. and Lozano,G. (1991)
Mol. Cell. Biol, 11, 6067—6074.

Dulic,V., Kaufmann,W.K., Wilson,S.J., Tisty,T.D., Lees,E., Harper,J.W.,
Elledge,S.J. and Reed,S.I. (1924, 76, 1013-1023.

Imray,F.P. and Kidson,C. (198@jutat. Res 112 369-382

a7

56

57

(1996)Nucleic Acids Res24, 1669-1675.
Onel,K., Koff,A., Bennett,R.L., Unrau,P. and Holloman,W.K. (1996)
Genetics143 165-174.

A Laboratory Manual2nd ed. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.

Thompson,J.D., Higgins,D.G. and Gibson,T.J. (198&)eic Acids Res

22, 4673-4680.

Mcleod,M., Stein,M. and Beach,D. (19&WMBO J, 6, 729-736.
Leupold,U. (1970.Meth. Cell Physio| 4, 169-177.

Davey,S. and Beach,D. (1998jl. Biol. Cell 6, 1411-1421.

Okazaki,K., Okazaki,N., Kume,K., Jinno,S., Tanaka,K. and Okayama,H.
(1990)Nucleic Acids Resl18, 6485-6489.

Soares,M.B., Bonaldo,M.F., Jelene,P., Su,L., Lawton,L. and Efstratiadis,A.
(1994)Proc. Natl Acad. Sci. USAR1, 9228-9232.

Lydall,D. and Weinert,T. (1995cience27(Q 1488-1491.

Kato,R. and Ogawa,H. (199)icleic Acids Res22, 3104-3112.
Kastan,M.B., Zhan,Q., el-Deiry,W.S., Carrier,F., Jacks,T., Walsh,W.V,,
Plunkett,B.S., Vogelstein,B. and Fornace,A.J., Jr (18%H) 71, 587-597.
Swift,M., Reitnauer,P.J., Morrell,D. and Chase,C.L. (1888ngl. J. Med

316 1289-1294.

8 Cheong,N., Wang,Y., Jackson,M. and lliakis,G. (198@jat. Res 274

111-122.

Knox,S.J., Sutherland,W. and Goris,M.L. (198@}iat. Res 135 24-31.
McKenna,W.G., lliakis,G., Weiss,M.C., Bernhard,E.J. and Muschel,R.J.
(1991)Radiat. Res 125 283-287.

Nagasawa,H., Keng,P., Harley,R., Dahlberg,W. and Little,J.B. (1294)
Radiat. Biol, 66, 373-379.

Su,L.N. and Little,J.B. (199%adiat. Res 133 73—79.

Keegan,K.S., Holtzman,D.A., Plug,A.W., Christenson,E.R., Brainerd,E.E.,
Flaggs,G., Bentley,N.J., Taylor,E.M., Meyn,M.S., Moss,S.B., Carr,A.M.,
Ashley,T. and Hoekstra,M.F. (1996enes Dey10, 2423-2437.

Scully,R., Chen,J., Plug,A., Xiao,Y., Weaver,D., Feunteun,J., Ashley,T. and
Livingston,D.M. (1997)Cell, 88 265-275.

Brugarolas,J. and Jacks,T. (198@&ture Med, 3, 721-722.

Russell,K.J., Wiens,L.W., Demers,G.W., Galloway,D.A., Plon,S.E. and
Groudine,M. (1995 ancer Res55, 1639-1642.

Yao,S.-L., Akhtar,A.J., McKenna,K.A., Bedi,G.C., Sidransky,D.,

Mabry,M., Ravi,R., Collector,M.l., Jones,R.J., Sharkis,S.J., Fuchs,E.J. and
Bedi,A. (1996)Nature Med, 2, 1140-1143.



